Introduction
============

Pulmonary alveolar proteinosis (PAP) is a rare disorder that is characterized by accumulation of lipoproteinaceous material within alveoli, which impairs gaseous exchange and leads to progressive respiratory insufficiency \[[@b1-yujm-2019-00360]\]. PAP prevalence has been estimated to be in 0.37/100,000 individuals \[[@b2-yujm-2019-00360]\]. Lipoproteinaceous material typically accumulate within the alveoli due to the impaired surfactant catabolism of alveolar macrophage \[[@b3-yujm-2019-00360]\]. Whole lung lavage (WLL) is widely practiced and currently used as a standard of care to physically remove the lipoproteinaceous material from the affected lung \[[@b4-yujm-2019-00360]\]. Recently, it has become common knowledge that the autoantibodies or abnormalities of granulocyte macrophage colony-stimulating factor (GM-CSF) is one of the major causes of PAP, which may be ameliorated by a medical treatment to supplement GM-CSF.

Of these treatment modalities, WLL is typically performed with the passive infusion of lavage fluid using the gravitational force. However, in a number of cases WLL was performed with a rapid infusion system \[[@b5-yujm-2019-00360]\], which is advantageous considering the fact that it can be used to adjust the volume of infused fluid while regulating the pressure applied during infusion. Additionally, it can heat the infusion fluid to help maintain the body temperature. We have focused on these advantages of a rapid infusion system and have reported here that a rapid infusion system was safely used in WLL.

Case
====

The patient provided written informed consent for publication of the research details and clinical images.

A 46-year-old man 166 cm tall and weighing 67 kg, presented with symptoms of dyspnea after exercise for 5 months, but did not undergo treatment for the same. He had a history of smoking 20-packs of cigarettes per year without an underlying diseases. One week before visiting our hospital, he was treated with pneumonia specific antibiotics and steroids in another hospital. However, there was no improvement in his symptoms, following which he visited our hospital. He underwent a high-resolution computed tomography (HRCT) and transbronchial lung biopsy, all of which were consistent with the diagnosis of PAP. An HRCT of the chest revealed a ground glass opacity and an irregular crazy paving appearance in the left upper and right upper and lower lung fields ([Fig. 1](#f1-yujm-2019-00360){ref-type="fig"}). On histopathologic pulmonary biopsy, no malignant cells were found, but the presence of amorphous proteinaceous substances in the lung alveoli was confirmed ([Fig. 2](#f2-yujm-2019-00360){ref-type="fig"}).

At the time of diagnosis, arterial blood gas (ABG) analysis under room air revealed severe hypoxemia with pH 7.45, arterial partial pressure of carbon dioxide (PaCO~2~) 36.5 mmHg, arterial partial pressure of oxygen (PaO~2~) 48.7 mmHg, bicarbonate (HCO~3~^-^) 25.1 mEq/L, arterial saturation of oxygen (SaO~2~) 86.6% ([Table 1](#t1-yujm-2019-00360){ref-type="table"}) and an alveolar arterial gradient 55.4 mmHg. Pulmonary function tests revealed a normal but decreased lung diffusing capacity, with a forced vital capacity (FVC) of 4.08 L (95% of predicted value), a forced expiratory volume in 1 second (FEV~1~) of 3.16 L (96% of predicted value), a ratio of FEV~1~/FVC 77%, and diffusing capacity of the lungs for carbon monoxide of 57% of predicted value. We decided to perform therapeutic WLL considering the lack of improvement in the patient's clinical symptoms and hypoxemia. Based on the radiographic findings, we decided to first lavage the right lung, which seemed to be affected to a greater degree.

We administered oxygen (6 L/min) via a nasal cannula. The patient had entered the operation room while appearing to be mentally alert and subsequently, electrodes from an electrocardiogram, pulse oximeter, noninvasive blood pressure (BP) monitor, and bispectral index (BIS) monitor were attached to the patient. The radial artery catheter was placed under local anesthesia to continuously monitor any changes in BP and intermittently analyze changes in ABG - before inducing anesthesia. Pulse oxygen saturation was 91% in the room before inducing anesthesia, and ABG analysis revealed pH 7.44, PaCO~2~ 35.0 mmHg, PaO~2~ 58.0 mmHg, HCO~3~^-^ 23.8 mEq/L, and SaO~2~ 91% ([Table 1](#t1-yujm-2019-00360){ref-type="table"}). Anesthesia was induced with 300 mg of 2.5% pentothal sodium, 60 mg of 2% lidocaine, and 50 mg of rocuronium. After a 3-minute manual ventilation, the left mainstem bronchus was uneventfully intubated with a 37-Fr left-sided double-lumen endotracheal tube (Broncho-Cath^®^, Mallinckrodt, St. Louis, MO, USA), which was confirmed by a flexible bronchoscope. The cuffs were inflated with just enough air to ensure proper lung isolation and adequate ventilation without a leak. A central venous catheter was inserted into the right internal jugular vein and an esophageal stethoscope temperature sensor was inserted through the oral cavity.

Both lungs were ventilated with 100% oxygen for 10 minutes to denitrogenate them, and we commenced the single lung ventilation of the left lung to absorb oxygen in the right lung. We controlled sevoflurane concentration to maintain the BIS between 40 and 60 during the operation and monitored the change in pulse oxygen saturation, supplying 100% oxygen at a flow rate of 3 L/min through a mechanical ventilator. ABG analysis after lung isolation revealed pH 7.37, PaCO~2~ 38.0 mmHg, PaO~2~ 84.0 mmHg, HCO~3~^-^ 22.0 mEq/L, and SaO~2~ 96% ([Table 1](#t1-yujm-2019-00360){ref-type="table"}).

We changed the patient's position to left lateral decubitus with the right lung positioned above the other, and re-confirmed the position of the tube with a flexible bronchoscope. A tube attached to the lower limb of a Y-connector was connected to the right side of the double lumen endotracheal tube while the patient's pulse oxygen saturation under lung isolation was continuously monitored. A tube attached to the upper left limb of the a Y-connector was connected to a rapid infusion system (FMS2000™, Belmont Instrument Co., Billerica, MA, USA) to commence infusion and a tube attached to the upper right limb was connected to the drain tube under the surgical bed ([Fig. 3](#f3-yujm-2019-00360){ref-type="fig"}). Two upper tubes had clamps to control the flow of the fluid in and out of the right lung. A pressure monitoring device was placed on the infusion tube so that the infusion pressure could be monitored in real time. The initial aliquot of 1,000 mL normal saline, warmed to 37.5℃, was infused into the lung at a rate of 150 mL/min using a rapid infusion system and was subsequently drained. This process was repeated till the drainage solution was adequately clear, which took a total of 10 cycles. During this process, an assistant performed manual chest percussion, and the remnant fluid was aspirated after the last drainage. Total infusion/drainage was 10,000 mL/9,250 mL, and the total lavage time was 2 hours. After lung lavage, the patient was moved into a supine position and was transferred to the intensive care unit (ICU) after exchanging a double-lumen endotracheal tube for a single lumen endotracheal tube.

In the ICU, the patient was provided to ensure pressure controlled mechanical ventilation with the pressure of 14 mmHg, an inhaled oxygen concentration of 0.45 and respiratory rate of 18 breaths/min. ABG analysis revealed pH 7.41, PaCO~2~ 32.0 mmHg, PaO~2~ 103.0 mmHg, HCO~3~^-^ 20.3 mEq/L, and SaO~2~ 98% ([Table 1](#t1-yujm-2019-00360){ref-type="table"}). The patient was extubated 4 hours after ICU admission, and pulse oxygen saturation was maintained at 95% or more under administration of oxygen (4 L/min) via a nasal cannula. Four days later, the left lung was treated with the same procedure. After the clinical symptoms improved, he was discharged after 1 week. ABG analysis that was performed right before the patient's discharge revealed pH 7.39, PaCO~2~ 38.7 mmHg, PaO~2~ 87.2 mmHg, HCO~3~^-^ 22.8 mEq/L, and SaO~2~ 96.1% ([Table 1](#t1-yujm-2019-00360){ref-type="table"}).

Discussion
==========

PAP was first described by Rosen et al. \[[@b6-yujm-2019-00360]\] in 1958, since the accumulation of lipoproteinaceous material in the alveoli lead to nonspecific symptoms such as cough, hypoxemia, and dyspnea. Histopathologic examination reveals that presence of lipoproteinaceous material in the alveoli. Radiographic appearance of PAP are extensive bilateral infiltration on chest radiograph and ground-glass opacifications which is commonly referred to as crazy paving on computed tomography images. However, there is often a dissociation between the extent of radiographic abnormalities and severity of the symptoms and physical findings \[[@b1-yujm-2019-00360]\], and variable/nonspecific clinical symptoms delay PAP diagnosis \[[@b7-yujm-2019-00360]\]. PAP has been classified into three types according to the developmental mechanism: congenital, idiopathic, and secondary. Idiopathic PAP mentioned in this study is considered to represent approximately 90% of PAP cases. According to Inoue et al. \[[@b8-yujm-2019-00360]\] in 2008, the male to female ratio was 2.1:1, the median age at diagnosis was 51 years, and a history of smoking occurred in 56%.

The pathogenesis of PAP has remained unclear for several decades after its first report. However, a report in 1994 that used knockout mice which were deficient in GM-CSF gene demonstrated similar pulmonary pathology as human PAP and subsequently provided a fresh perspective on the causes of the disease \[[@b9-yujm-2019-00360]\]. PAP results from an accumulation of surfactant that appeared to occur due to its impaired clearance and not its overproduction \[[@b10-yujm-2019-00360]\]. In addition, autoantibody against GM-CSF was found to be present in all specimens of bronchoalveolar lavage fluid obtained from 11 idiopathic PAP patients \[[@b11-yujm-2019-00360]\]. Therefore, it is now accepted that dysfunction of alveolar macrophages caused by abnormalities of GM-CSF due to autoantibodies leads to the condition of idiopathic PAP. This finding has been associated with medical treatment modalities that include exogenous GM-CSF \[[@b12-yujm-2019-00360]\].

These novel therapeutic modalities for PAP have prompted the necessity of evaluating the efficacy of WLL, which was presented by Ramirez et al. \[[@b13-yujm-2019-00360]\] in 1963 as the primary treatment modality. According to a study by Gay et al. \[[@b14-yujm-2019-00360]\] in 2017, the effectiveness of WLL was demonstrated by the improvement of short-term clinical symptoms, including arterial partial pressure oxygen after lavage although the application of the WLL technique was variable. The use of exogenous GM-CSF supplementation as the first line of therapeutic intervention has its limitations due to a lack of placebo-controlled randomized trials with large sample sizes \[[@b15-yujm-2019-00360]\]. Additionally, randomized trials that have compared WLL with exogenous GM-CSF supplementation therapies have not yet been performed \[[@b15-yujm-2019-00360]\]. Therefore, we decided to perform WLL first.

The primary indications for WLL include decreased pulmonary function, decreased arterial oxygen saturation at rest, and abnormal radiographic findings. All of these were present in this case \[[@b16-yujm-2019-00360]\]. Complications that may occur during WLL are fever, hypoxemia, pneumonia, and pneumothorax, all of which were absent in this case. Due to a lack of a standardized protocol, there are various aspects of the procedure which function under the premise of physically removing the accumulated lipoproteinaceous material by washing the alveoli. However, in most institutions, lavage is performed under general anesthesia with lung isolation \[[@b17-yujm-2019-00360]\]. There are several variations considering the anesthetic maintenance agent, the choice of lung to be lavaged, the patient\'s position at the time of lavage, the volume of lavage fluid, and the method of chest percussion \[[@b16-yujm-2019-00360]\].

Here, the right lung appeared to be in a poorer condition on the radiographic findings was lavaged first, and left lung lavage was followed after 4 days. The patient was positioned in the lateral decubitus position and manual chest percussions were performed by an assistant during the lavage. Infusing fluid by gravity is widely selected method among institutions. However, we adopted a rapid infusion system which has an advantage of shortening lavage time and maintaining constant temperature and pressure; furthermore, decreases labor intensity by reducing the need for fluid replacement, controlling accurate infusion rate in real time, and measuring the amount of infused fluid accurately \[[@b18-yujm-2019-00360]\]. Although it was possible to perform bilateral sequential lung lavage in one session, we performed a single lung lavage in one session. Since this was the first time that we adopted a rapid infusion system for WLL, we had to consider possible adverse effect of using a rapid infusion system for WLL.

Possible adverse effect of using a rapid infusion system could be caused by barotrauma. Observing the infusing pressure in real time seemed to be helpful. In practice, it is recommended to use a liquid bag placed 50 cm above the thoracic cavity \[[@b17-yujm-2019-00360]\], for which the pressure would be equal to 36.78 mmHg. The average pressure observed in this case was 22 mmHg at the time of infusion ([Fig. 4](#f4-yujm-2019-00360){ref-type="fig"}). Barotrauma caused by a rapid infusion system was not observed in clinical and radiological aspects. The use of a rapid infusion system resulted in a shorter procedural time than other cases which used similar amount of fluid \[[@b19-yujm-2019-00360]\].

There is no consensus regarding the total volume of infusion in WLL, and it varied significantly 5--40 liters of saline \[[@b16-yujm-2019-00360]\]. Most institutions repeat the infusion and drainage until the effluent is relatively clear by visual inspection. In a previous case of using a rapid infusion system for WLL, 8.5--16 liters of normal saline was used \[[@b5-yujm-2019-00360]\]. In our opinion, a rapid infusion system will help to shorten operation time when relatively large volume of infusion is needed. However, further reports and studies are needed to establish the cutoff volume of infusion in using a rapid infusion system for WLL.

In this case, the discordance of the volume of infusion and drainage might suggest leakage into the contralateral lung. However, it was our understanding that leakage did not occur in regards of not quantifying the amount of last aspiration fluid, achieving successful lung isolation; furthermore, there was no evidence or suspicion of leakage, which presented by a desaturation on the monitoring equipment. In addition, there were no post procedural complications such as respiratory insufficiency and hypoxemia, which might occur when the fluid had leaked \[[@b20-yujm-2019-00360]\]. The average pressure at the time of infusion was low when using a rapid infusion system; however, it should be considered that there is a possibility of using high pressure since the difference in pressure depends on the characteristics of the rapid infusion system.

WLL is performed as the main treatment modality for PAP, but the treatment method needs to be standardized and various methods are used. In conclusion, we successfully performed WLL with a rapid infusion system which has several advantages such as: shortening the lavage time, maintaining constant temperature and pressure without adverse effects caused by barotrauma.
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![Pre-whole lung lavage HRCT findings. HRCT scan shows ground glass opacities and crazy paving pattern. HRCT, high-resolution computed tomography.](yujm-2019-00360f1){#f1-yujm-2019-00360}

![Transbronchial lung biopsy specimen from right lower lobe shows intraalveolar pinkish proteinaceous material (arrows), consistent with pulmonary alveolar proteinosis (hematoxylin and eosin stain, ×400).](yujm-2019-00360f2){#f2-yujm-2019-00360}

![Left lateral decubitus position (lavage side up) and application of a Y-connector attached to the double lumen endotracheal tube.](yujm-2019-00360f3){#f3-yujm-2019-00360}

![Intraoperative monitored vital sign denoted as 'central venous pressure' (arrow) shows pressure of injected fluid to the right lung.](yujm-2019-00360f4){#f4-yujm-2019-00360}

###### 

Arterial blood gas analysis

                      Admission (FiO~2~ 0.2)   Before induction of anesthesia^[a)](#tfn2-yujm-2019-00360){ref-type="table-fn"}^ (FiO~2~ 0.44)   After lung isolation (FiO~2~ 1.0)   After lavage (FiO~2~ 0.45)   Discharge (FiO~2~ 0.2)
  ------------------- ------------------------ ------------------------------------------------------------------------------------------------ ----------------------------------- ---------------------------- ------------------------
  pH                  7.45                     7.44                                                                                             7.37                                7.41                         7.39
  PaCO~2~(mmHg)       36.5                     35.0                                                                                             38.0                                32.0                         38.7
  PaO~2~(mmHg)        48.7                     58.0                                                                                             84.0                                103.0                        87.2
  HCO~3~^-^ (mEq/L)   25.1                     23.8                                                                                             22.0                                20.3                         22.8
  SaO~2~ (%)          86.6                     91.0                                                                                             96.0                                98.0                         96.1

FiO~2~, fraction of inspired oxygen; PaCO~2~, arterial partial pressure of carbon dioxide; PaO~2~, arterial partial pressure of oxygen; HCO~3~^-^, bicarbonate; SaO~2~, arterial saturation of oxygen.

Arterial blood gas analysis was done under O~2~ 6 L/min via nasal prongs before induction of anesthesia.
